We discuss a heuristic model to implement star formation and feedback in hydrodynamical simulations of galaxy formation and evolution. In this model, gas is allowed to cool radiatively and to form stars at a rate given by a simple Schmidt-type law. We assume that supernova feedback results in turbulent motions of gas below resolved scales, a process that can pressurize the diffuse gaseous medium effectively, even if it lacks substantial thermal support. Ignoring the complicated detailed physics of the feedback processes, we try to describe their net effect on the interstellar medium with a fiducial second reservoir of internal energy, which accounts for the kinetic energy content of the gas on unresolved scales. Applying the model to three-dimensional, fully self-consistent models of isolated disc galaxies, we show that the resulting feedback loop can be modelled with smoothed particle hydrodynamics such that converged results can be reached with moderate numerical resolution. With an appropriate choice of the free parameters, Kennicutt's phenomenological star formation law can be reproduced over many orders of magnitude in gas surface density. We also apply the model to mergers of equal-mass disc galaxies, typically resulting in strong nuclear starbursts. Confirming previous findings, the presence of a bulge can delay the onset of the starburst from the first encounter of the galaxies until their final coalescence. The final density profiles of the merger remnants are consistent with de Vaucouleurs profiles, except for the innermost region, where the newly created stars give rise to a luminous core with stellar densities that may be in excess of those observed in the cores of most elliptical galaxies. By comparing the isophotal shapes of collisionless and dissipative merger simulations we show that dissipation leads to isophotes that are more discy than those of corresponding collisionless simulations.
I N T R O D U C T I O N
Numerical studies of large-scale-structure formation have helped greatly in providing insight into the collisionless dynamics of dark matter in cold dark matter (CDM) universes. In contrast to the rapid progress in this field, modelling the formation of the luminous parts of galaxies has proved to be far more difficult. Here, a large range of complicated physical processes have to be considered that go far beyond the regime of`simple' gravitational dynamics. In order to model the formation processes of luminous stars properly, the hydrodynamics of the interstellar medium (ISM) has to be accounted for, including gas shocks, radiative heating and cooling processes, and the actual formation and fragmentation of cold molecular clouds. In addition, newly formed stars will influence the surrounding ISM by energy input in the form of supernova explosions, stellar winds, or UV radiation. As a result, the ISM is believed to exhibit a complicated multiphase structure (McKee & Ostriker 1977; Shu, Adams & Lizano 1987) . Further complications arise from magnetic fields and gas turbulence (Norman & Ferrara 1996; MacLow et al. 1998) , which may play an important role in stabilizing molecular clouds against collapse. Moreover, the gas dynamics will remain tightly coupled to the gravitational dynamics of the whole galaxy at all times; for example, star formation in the disc may be triggered and regulated by large-scale gravitational instabilities in the disc (Wyse & Silk 1989; Wang & Silk 1994; Silk 1997) .
While it is obvious that one would like to include star formation in cosmological simulations of galaxy formation, it is also clear that these physical processes are too complicated to be modelled from first principles. Even if this were possible, a three-dimensional simulation that tries to address all the relevant physics would not be feasible with current technology, just because the dynamic range of the problem is so large. For example, the typical size of a cold gas cloud is about 10±100 pc, while that of a galaxy is of order 100 kpc, and scales above 1 Mpc are important for its formation. Given that the cloud has a complicated internal structure, one faces a problem because of the spatial dynamic range of at least 10 7 . As a consequence, only two-dimensional simulations have so far been able to model the turbulent ISM on a global scale (Rosen & Bregman 1995; Wada & Norman 1999) . In three dimensions the resolution problem is likely to remain unsolved for some time, although it might eventually be overcome with more sophisticated simulation codes, and with faster computer hardware. Adaptive mesh refinement codes Klein et al. 1998; Truelove et al. 1998) or parallel smoothed particle hydrodynamics codes (Dave Â et al. 1997 ) are tools that potentially will be able to achieve sufficient dynamic range, at least for a small localized volume.
In the meantime, the problem might be amenable to heuristic solutions that avoid the brute-force approach required by attempts to model all the relevant physics correctly. Observationally, the star formation rate follows a global Schmidt law surprisingly well (Kennicutt 1993 (Kennicutt , 1989 (Kennicutt , 1998 ; that is, the star formation properties correlate well with the local gas density. This suggests that a simple phenomenological approach to star formation can be employed, in which the properties of the ISM are averaged over scales of order 100 pc. In such an approach, we gloss over the details of the physics of star formation, but we might still obtain important clues about the spatial and temporal evolution of the star formation rate. For example, such a model may be applied to interactions of galaxies and to the study of the starbursts triggered by them.
In recent years, a number of authors have worked along such lines, coupling smoothed particle hydrodynamics (SPH) codes with simple star formation and feedback prescriptions (Katz 1992; Navarro & White 1993; Mihos & Hernquist 1994b; Steinmetz & Mu Èller 1995; Tissera, Lambas & Abadi 1997; Gerritsen & Icke 1997; Hultman & Ka Èllander 1997) , or they developed such models for hydrodynamical mesh codes (Yepes et al. 1997) .
A robust result of these studies has been that`thermal' supernova feedback is not effective in regulating star formation; that is, if the energy released by a supernova was assumed to simply heat the ISM, the dynamics of the gas was hardly affected. This is because the dense gas in star-forming regions is able to radiate away this heat input very quickly. However, the introduction of`kinetic' feedback made it possible to obtain quasistationary models of disc galaxies with star formation rates resembling those of normal spiral galaxies. In most SPH simulations, this kinetic feedback has been implemented by imparting radial momentum kicks on neighbouring SPH particles. In this study, we try to improve on such a feedback implementation, which is plagued by numerical intricacies and uses the particle formalism of SPH directly. We instead investigate a model of the star formation/feedback loop that is based on the notion of an effective equation of state for the ISM, averaged over scales of order 100 pc. In essence, we augment the thermal pressure of the gas with a turbulent pressure, while not resolving the turbulence itself. This`sub-grid' model does not use the particle formalism of SPH directly, and has advantageous numerical properties. It leads to a smooth description of star formation, which can be shown to result in quantitatively converged results even with moderate numerical resolution. Our model is able to reproduce quantitatively the star formation law of Kennicutt (1998) .
Once isolated disc galaxies can be modelled as quiescent starforming galaxies, one can try to explore more extreme environments by hoping that the model carries over to such regimes. For example, one may ask how the star formation rate evolves in major mergers of gas-rich spirals. In previous simulations of this kind (Barnes & Hernquist 1991; Mihos & Hernquist 1994a Barnes & Hernquist 1996) it was shown that major mergers can produce strong nuclear starbursts with sufficient strength to plausibly account for ultraluminous infrared galaxies (ULIRGS). However, a problem of the simulations has been that the nuclear starbursts lead to the formation of extremely dense and concentrated cores of young stars in the centre of the merger remnants (Mihos & Hernquist 1994a ). The resulting break in the stellar profile does not seem to be observed in this form in real elliptical galaxies, so one aim of this work is to examine to what extent such stellar cores can be circumvented by our new prescription to implement feedback. To this end, we simulate a number of major mergers, and we compare the structure of the merger remnants with those obtained in corresponding collisionless simulations. While the surface brightness profiles of our remnants follow r 1/4 -laws for most of their light, the dissipative simulations exhibit a central luminosity excess, quite similar to the results of Mihos & Hernquist (1994a) .
Our set of merger simulations also allows us to study the effect of dissipation on the isophotal shapes of the merger remnants. We demonstrate that dissipation produces`discy' isophots, confirming a long-standing hypothesis in studies of the systematic properties of elliptical galaxies.
This work is organized as follows. In Section 2 we describe in detail the assumptions of our modelling, while we briefly describe its numerical implementation in Section 3. We then consider simulations of isolated disc galaxies in Section 4, and we examine major mergers in Section 5. Finally, we discuss our findings in Section 6.
M O D E L I N G R E D I E N T S
2.1 Dark matter, stars, and gas Initially, our galaxy models contain a dark matter halo, a stellar disc, an optional stellar bulge, and a gaseous disc capable of forming further stellar material. The structural properties of our model galaxies are derived according to the analytic work of Mo, Mao & White (1998) , and the details of how we construct N-body representations of these galaxies are described by Springel & White (1999) . Note that our initial conditions do not explicitly include a hot gaseous phase in the galactic halo, although such a medium does form by shock heating in our merger simulations. In studies of galaxy formation, feedback is often invoked as a mechanism to regulate further gas inflow. In this study we mostly deal with another aspect of feedback, the one that refers to the regulation of star formation of the gas that has already cooled and settled to a disc.
In the collisionless limit, the dark matter and the stars follow the coupled Poisson±Vlasov equations, and we solve this system with the usual N-body approach. In contrast to that, the interstellar gas is more difficult to model, since it is collisional and may develop shocks, and it can participate in radiative processes and the poorly understood physics of star formation. To a first approximation we treat the ISM as an ideal inviscid gas; that is, it follows the Euler equation Here v and r describe the velocity field and the density of the gas, and u is its internal energy per unit mass, while F is the total gravitational potential of the system. We take the thermal pressure to be P g 2 1ruY with g 5a3Y appropriate for a monoatomic ideal gas. Below we will supplement this simple gas dynamics with additional processes in order to model star formation and feedback.
Cooling
In contrast to dark matter, baryonic gas can lose energy by radiative cooling. This is an important process for the formation of the luminous part of galaxies, since it allows the gas to sink to the centres of the dark matter potential wells, and ultimately to form the stars we see today.
We adopt the cooling functions computed for collisional ionization equilibrium (CIE) by Sutherland & Dopita (1993) . The loss of energy per unit mass of gas is given by
For simplicity, we assume a primordial composition of hydrogen and helium, and we neglect changes of the metallicity of the gas in this work. In Fig. 1 , we show the adopted net cooling function for a primordial H/He mix, computed for CIE by Sutherland & Dopita (1993) . Note that the temperature of the gas is given by
where m Å is the mean particle mass. While the gas is fully ionized at temperatures above .10 5.2 K, it starts to recombine at lower temperatures. In this transitional region, m changes due to the varying number density of electrons, which needs to be taken into account in equation (4).
Below 10 4 K the gas is basically neutral and does not cool any further by simple line cooling or Compton cooling. In principle, there are less efficient molecular cooling processes that can eventually further reduce the gas temperature (Abel et al. 1997) . These processes are highly relevant for the formation and fragmentation of dense molecular clouds (Abel, Bryan & Norman 1998) , and for the generation of the cold, dense filaments that thread the surrounding warm gas in the ISM (Rosen & Bregman 1995) . However, we do not attempt to resolve the true multiphase structure of the ISM in this work, since we clearly lack the resolution to do so. Rather, we implement an effective star formation model that keeps the gas in a relatively smooth phase, which is probably best identified with the layer of warm, neutral gas observed in the Galaxy.
Note that the gas may also be heated by an ambient ultraviolet (UV) background or by UV radiation from newly formed stars. In this work, we do not consider such sources of heating. While an ambient UV field had very little effect on star formation in the simulations of Navarro & Steinmetz (1997) and Weinberg et al. (1997) , Gerritsen & Icke (1997) successfully used feedback by local UV sources to self-regulate their star formation model.
In regions of high density, the cooling time of the gas can become very short. In this regime the gas may become thermally unstable, and it then collapses essentially on a free-fall time. If no further physics is included, this catastrophic cooling results in knots of cold, dense gas, with density and size set by the resolution of the gas-dynamical simulation. This situation is not only numerically unpleasant, it also appears to be unphysical. In reality, star formation and its accompanying feedback processes are thought to alter the dynamics of the gas phase in the highdensity regime. These processes will prevent a collapse of all of the gas into high-density clumps. Hence the inclusion of cooling requires the consideration of such additional processes.
Star formation
We take the star formation rate per unit volume to be proportional to the local gas density, and inversely proportional to the local dynamical time, viz.
where r p denotes the density of stars, and the dynamical time of the gas is given by t dyn Gr 20X5 X This parametrization leads to a Schmidt-type law _ r p G r n with n 1X5Y which empirically has been used for a long time to describe the gross star formation properties of galaxies. A parametrization of the form (5) has also been employed in many numerical simulations that included star formation, and also in semi-analytic studies of galaxy formation (Kauffmann et al. 1993) . Of course, the star formation also depletes the gas, according to
Feedback model
One of the robust results of previous simulations has been that thermal feedback alone has hardly any effect on the evolution of the ISM or on the star formation rate. This is caused by the short cooling times in dense star-forming regions; the heat input by supernovae is radiated away nearly instantly. To remedy this problem, Navarro & White (1993) proposed to put some of the feedback energy directly into the kinetic energy of the gas. In their SPH implementation of this idea, they imparted small radial momentum kicks to the particles around a star-forming SPH particle. While this scheme proved to be able to regulate the star formation rate, numerically and physically it is not without q 2000 RAS, MNRAS 312, 859±879 Figure 1 . Cooling rate for a primordial mix of H and He according to Sutherland & Dopita (1993) .
problems. First, the feedback description is formulated directly in terms of the SPH particle formalism, and its free parameters are thus bound to depend on details of numerical resolution and implementation of SPH. In addition, the radial motions triggered by the star-forming particle seem unphysical, since the real expanding shells of supernova remnants are several orders of magnitude smaller than the typical resolution limit of current cosmological SPH simulations. Here, we want to improve on the numerical properties of such a kinetic feedback scheme. In particular, the model should achieve converged numerical results in hydrodynamical simulations using moderate numerical resolution, and the small number of tunable parameters of the model should be independent of resolution. Only in this situation can we expect to obtain meaningful results when the model is applied to cosmological simulations of galaxy formation, where the objects formed have a wide range in mass, and the first objects are inevitably small. At this stage of the modelling we therefore give well-controlled numerical properties precedence over the implementation of more detailed physics.
Star-forming molecular clouds are known to have lifetimes much longer than their free-fall time under gravitational collapse. However, since the density in these clouds is high enough to allow efficient cooling, it cannot be ordinary thermal pressure that supports them. Instead, turbulent gas motion caused by supernova explosions and stellar winds has been suggested as a mechanism of support for the gas. This turbulence could be of a supersonic hydrodynamical nature, or it could involve magnetic fields leading to supersonic or super-Alfve Ânic magnetic turbulence (MacLow et al. 1998) . By the same token, it is clear that the temperature of the interstellar H i in the Galaxy is far too low to provide enough thermal pressure to support the H i layer against collapse under its own weight. The support is probably provided by turbulent bulk motions of the gas (Lockman & Gehman 1991) . This turbulence may be fed by supernova explosions, superbubbles, stellar winds, H ii regions, or differential sheer in the disc. By analysing the grand source function of this turbulence, Norman & Ferrara (1996) showed that the turbulent pressure is given by p turb , 10±100 p th ; in other words, it typically dominates the thermal pressure.
Our new approach to feedback therefore rests on the assumption that the ISM is primarily supported by turbulent pressure, and that this turbulence is sustained by kinetic energy feedback of exploding supernovae. We model this feedback by a second reservoir of internal energy, q, of the gas. This reservoir is introduced to describe the energy content per unit mass due to turbulent motion of gas at scales well below the spatial resolution limit. We further assume that the energy content q effectively pressurizes the gas, and we take the pressure of this medium to be P g 2 1u qrX 7
Note that the temperature of the gas is still computed based on u alone. Hence, for q @ u the gas may be pressure-supported even if it is cold. Following Navarro & White (1993) , we adopt a power-law initial mass function (IMF) with a slope of 21.5 between 0.1 and 40 M ( , and we assume that all stars above 8 M ( go supernova instantly with the release of 10 51 erg of energy. The local energy input due to supernovae is then e fb dr p /dt, with e fb 4 Â 10 48 erg M
21
( X Note that current observational estimates of the IMF suggest a slope flatter than 21.5 at the low-mass end, and a steeper slope above one solar mass. In principle, this can change the relative contribution of high-mass stars, and hence lead to a different estimate for e fb . However, in the context of the feedback model to be outlined below, variations of e fb can be compensated for by corresponding variations of the free parameter b of the model, so the detailed form of the IMF is not important here. Note that there have been suggestions that the IMF might evolve with time (e.g. Larson 1998 ), but we here assume that the IMF is a universal function that shows no such variation.
We assume that the feedback energy is first released into the turbulent reservoir q, i.e. where f(r ) is some function of density. For reasons that we will describe in more detail below, we choose f r ba r p for the functional dependence of f(r ); that is, the thermalization proceeds more slowly in high-density regions.
There are then two free parameters in the model, a and b. Note that for b 3 1 we have ordinary thermal feedback, while b 0 corresponds to maximum kinetic feedback, where all the feedback energy is collected in q and star formation will eventually be quenched.
In summary, the equations governing the internal energy of the gas phase are
where the adiabatic changes are described by the terms involving the velocity divergence.
To elucidate the essential properties of this model, consider a portion of gas with 7´v . 0Y but which is dense enough to form stars at an appreciable rate. Then the gas will also be able to cool efficiently; that is, the energy input by the feedback into the thermal reservoir will not be able to raise the temperature of the gas above ,10 4 K. On the other hand, the reservoir q will take on an equilibrium value of q e fb G 0X5 ab 21 rX 12
For high densities, efficient feedback will lead to q @ uY resulting in an effective pressure of the gas of
In star-forming regions, we therefore obtain an effective equation of state in the form P cr 2 Y 14 with c ; g 2 1e fb G 0X5 ab 21 X In principle, we can adjust the polytropic index of the gas by changing our model assumptions about the function f(r ). However, after some experimentation, we think that the choice leading to equation (14) has two desirable properties, making it superior to other possibilities in the framework of the present model. First, a self-gravitating sheet of gas with an equation of state of the form (14), and a surface mass density s, has the density distribution
Remarkable about this solution is the lack of dependence of the vertical scaleheight,
on the surface mass density. This suggests that it should be comparatively easy to reconcile this model with the observed constancy of the stellar and gaseous scaleheights with radius in many disc galaxies. Note that, for the stiff equation of state (14), the volume polytropic index is equal to the surface polytropic index (Hunter 1972; Laughlin, Korchagin & Adams 1998) .
In conjunction with our star formation law, a further consequence of equation (15) is that the star formation rate per unit area of a sheet of gas is given by
i.e. we have a Schmidt law S SFR G s 1X5 not only for the volume density, but also for the surface mass density of the gas. Such a law has indeed been found by Kennicutt (1998) . Therefore, we now further investigate the proposed model by trying to model the gaseous discs in galaxies as self-gravitating sheets of gas. We note that, for the Galaxy, a stable hydrostatic equilibrium configuration of the gas has been shown to provide a good description of the data, at least on large scales (Kalberla & Keryp 1998; Bloemen 1987 ).
Designing Kennicutt's law
By studying the star formation rates and gas densities of a large sample of normal disc galaxies, and of star-bursting systems, Kennicutt (1998) has found the remarkable result that on average the star formation rate per unit area and the surface gas density are related by
This`global' Schmidt law holds over an exceptionally wide range of scales, bridging at least five decades in density, and seven decades in star formation rate. The composite Schmidt law (19) has been obtained based on suitably defined averages of gas and star formation densities of whole galaxies, but Kennicutt also studied the azimuthally averaged star formation rate per unit area as a function of radius in normal disc galaxies. Above S gas . 10 M ( pc 22 the local star formation rate scales with gas density in the way implied by equation (19) . However, below this gas density, the star formation rate drops very steeply. Thus, there exists a rather sharp threshold in gas density; below it, star formation is strongly suppressed.
We take Kennicutt's findings as a phenomenological basis to set the free parameters of our star formation/feedback model. Looking at equations (17) and (18), we can express the free parameters a and b as
Based on Kennicutt's law for the azimuthally averaged star formation rate we take a value of
for the coefficient of the star formation law. We then need to assume a thickness z 0 for the gaseous sheet to determine a and b.
In this work, we take z 0 0X2 h 21 kpcX This results in
We also introduce an explicit cut-off in the star formation law by requiring the star formation rate to be strongly suppressed below S cut 10 h M ( pc 22 X We relate this cut-off surface density to a volume density by means of r cut kS cut a2X This results in
Finally, we alter the star formation rate of equation (5) by setting r_ p 0 for r , r cut X We have now fixed the free parameters of our star formation model before we have actually done a numerical simulation. In the following sections we will investigate how well this model performs in self-consistent SPH simulations of individual and colliding disc galaxies.
N U M E R I C A L T E C H N I Q U E S
In summary, the gas-dynamical model outlined above is described by equations (1), (7), (10) and (11). We supplement this system with the collisionless dynamics of dark matter and stellar material, and evolve it under self-gravity with our new SPH code gadget. Algorithmic and numerical details of this code will be described in a forthcoming paper. We here just discuss our methods to implement the actual formation of collisionless stellar material, and the depletion of the gas content.
We have formulated star formation in an entirely continuous fashion, and we would like to obtain an equally continuous description of these processes in the particle-based SPH formalism. However, it is not feasible to spawn new independent star particles at every time-step, for every gas particle, just because the resulting number of stellar particles would quickly grow prohibitively large, and the small mass of these particles would lead to excessive two-body heating in encounters with the q 2000 RAS, MNRAS 312, 859±879 heavy dark matter particles. To avoid this, we treat the gas particles as hybrid gas/star particles in the way suggested by Mihos & Hernquist (1994b) . Each SPH particle carries a gas mass, and a collisionless mass corresponding to the stellar material formed by this particle. The gas-dynamical interactions are computed with the gas mass only, while both mass contributions participate in the gravitational interaction. Star formation is then simply a conversion of some of the gas mass into collisionless stellar mass, with the total mass of the hybrid particle being constant.
While this scheme allows a smooth implementation of star formation, it has the disadvantage that the formed collisionless matter remains coupled to the gas phase. To solve this problem, we also spawn independent stellar particles. To this end, each SPH particle computes the sum of the stellar mass that has been formed in the region of its smoothing neighbours. If this exceeds some predefined mass m p (typically half the initial gas particle mass), a new stellar particle of mass m p is formed, where the stellar mass of this particle is collected by kernel weighting from the SPH neighbours. The particle is created at the centre-of-mass position and with the centre-of-mass velocity of the various mass parts taken from surrounding gas particles. In this way, the fraction of newly created stellar material that is still bound to SPH particles falls below 30 per cent soon after the simulation is started.
In strongly star-forming regions, the gas mass can be heavily depleted. In this case, SPH particles would ultimately turn into very light gas particles. To maintain a roughly constant gas mass resolution, we also dissolve gas particles completely once their mass drops below a prescribed fraction of their initial mass. In this case, the mass and energy of the particle is distributed kernelweighted among its SPH neighbours. 
I S O L AT E D D I S C G A L A X I E S
In the following we consider models of disc galaxies with structural properties set according to the analytical study of Mo et al. (1998) . The structure of the dark matter halo is assumed to follow the NFW profile (Navarro et al. 1996 , adiabatically modified by the formation of a stellar disc. The dark halo is described by its circular velocity v 200 , its spin parameter l, and its concentration c. The mass and virial radius of the halo are then given by We assume that a centrifugally supported stellar disc of mass
has formed inside the halo, and that the specific angular momentum of the disc material is equal to that of the haloes. Adopting an exponential disc for the radial structure of the stellar disc, the disc scalelength R d can then be computed. Vertically, we model the stellar disc as an isothermal sheet with scalelength R z 0X2R d X Fully self-consistent N-body representations of such models can be constructed in the way outlined by Springel & White (1999) . In this study, we supplement the disc models with an additional gaseous phase in the disc. For this purpose, we assume that a fraction f gas of the disc mass is in the form of gas. Initially, we distribute the gas just like the stellar material in the disc. We assign an azimuthal velocity component equal to the local circular velocity to the gas, and we set its initial internal energy per unit mass equal to u v 2 z ag 2 1X If the gas is allowed to cool radiatively, it will then quickly settle into a thin gaseous disc.
Cooling and star formation without feedback
We start by considering a simulation where the gas is allowed to cool radiatively and to form stars, but where no feedback effects are taken into account. For definiteness, we select an isolated disc galaxy with parameters v 200 160 km s 21 Y c 5Y l 0X05Y m d 0X05Y and f gas 0X2Y and we label this model`I1'. These parameters result in a disc scalelength of R d 4X5 h 21 kpcX We employ 20 000 gas, 20 000 disc, and 30 000 dark matter particles for this simulation, and we use a gravitational softening of 0.4 h 21 kpc for the dark halo, and 0.1 h 21 kpc for the gas, disc, and newly formed stellar particles.
In Fig. 2 we show the time evolution of this model. After the start of the simulation, most of the gas quickly settles into a very thin disc at a temperature of T . 10 4 K due to efficient cooling. In Fig. 3 we show a phase diagram of the SPH particles in the temperature±density plane for the initial gas distribution, and for the gas after 0.1 internal time units.
2 At that point of time, most of the gas has already cooled to 10 4 K due to the short cooling times in the initial gaseous disc.
Note that an isothermal sheet at a temperature of 10 4 K, and gas surface density similar to our model galaxy, would have a thickness of just .0.04 h 21 kpc at the centre. This is already below the gravitational softening length of the current simulation, so a simulation with very high resolution would be necessary to follow accurately the self-gravity of the gas in such a situation. On the other hand, the observed thickness of the H i distribution in the Galaxy is several hundred parsecs, again showing that the warm gaseous layer cannot be supported by thermal pressure alone (Lockman & Gehman 1991) .
The extreme thinness of the gaseous disc, and its lack of pressure support make it highly susceptible to axisymmetric and local perturbations. As a result, the gas disc soon breaks up into clumps, which sweep up more and more of the gaseous disc to form a scattered distribution of very dense and`cold' gas lumps. Note that what we have here called`cold' still has a temperature of ,10 4 K. In studies of the ISM, such temperatures are usually refered to as`warm', since the gas in dense molecular clouds is much colder, and is thus referred to as the cold component.
The lumps of gas collapse under their self-gravity until they are stopped either by their residual thermal support, or by the gravitational softening length. The latter will often be the case in simulations with a minimum resolution of 0.1 h 21 kpc or larger. Note that in the real multiphase interstellar medium very high densities are indeed reached. For example, the hydrogen number density in protostellar clouds may well be above 100 cm 23 . However, these densities are many orders of magnitude larger than the densities we can simulate in the present three-dimensional simulations of whole galaxies. This again illustrates that we cannot resolve the details of the star-forming processes in detail. Being far less ambitious, we instead try to model the gross properties of star formation averaged over scales of 0.1 h 21 kpc. Since we have coupled the star formation rate (SFR) to the gas q 2000 RAS, MNRAS 312, 859±879 Figure 3 . Temperature versus gas density of the SPH particles in simulation I1 for the initial time (top), and for the evolved simulation after 0.1 time units (bottom). The density is given in terms of n H , the number density of hydrogen nuclei. 2 The internal unit time is 9X8 Â 10 8 h 21 yrX density, the SFR will grow strongly when the dense gas lumps form. This is seen in Fig. 4 , where we plot the star formation rate as a function of time for this simulation. After the start of the simulation, the star formation rate grows rapidly, developing a starburst that has consumed 40 per cent of the gas mass by time t 0X4X Because the gas is rapidly depleted in this burst, the star formation rate declines again after that time. Note that quiescently star-forming disc galaxies are believed to have a nearly constant star formation rate with time. Clearly, this cannot be reconciled with the present simulation, which therefore does not represent a plausible physical scenario for the gas dynamics in disc galaxies. Perhaps its most severe shortcoming is the absence of a mechanism that can regulate star formation. Such a mechanism is thought to be provided from feedback of the newly formed stars on the surrounding ISM. We now investigate the changes in the gas dynamics and the star formation rate induced by the inclusion of feedback.
Self-regulation of star formation
A main motivation for the inclusion of feedback is to try to prevent the unphysical run-away of the SFR seen in simulation I1. However, if we include only thermal feedback b 1Y the situation hardly changes. This is seen in simulation I2, where we put the feedback energy, 4 Â 10 48 ergs per formed solar mass of stars, into the ordinary thermal reservoir u of the gas. As seen in the phase diagram of Fig. 5 , this energy can easily heat all adiabatically cooled gas back to a temperature of 10 4 K, but no temperature increase beyond 10 4 K is obtained, because the gas can cool very efficiently in the high-density knots where stars form. This again confirms previous studies: the injected heat energy is radiated away quickly without significantly affecting the dynamics of the gas. Consequently, the star formation rate is not changed very much either (see Fig. 4 ).
The ineffectiveness of purely thermal feedback has previously been noted by several authors, all invoking slightly different mechanisms to remedy this problem. Navarro & White (1993) and Mihos & Hernquist (1994b) proposed a kinetic energy feedback, Gerritsen & Icke (1997) invoked UV radiation from young stars, and Yepes et al. (1997) tried to solve the problem by explicitly introducing a two-phase description of the ISM. We will now examine the properties of our new model. As outlined in Section 2, we fix the free parameters with the phenomenological star formation law of Kennicutt (1998) Simulation I3 is the model galaxy I1 yet again, but this time simulated with our feedback model enabled. In Fig. 6 , we show the time evolution of the gas density distribution of this model. The dynamics of the gas in the disc is very different from that shown in Fig. 2 . Instead of breaking up into small dense lumps, the gas now remains in a relatively smooth disc, which shows signs of transient spiral structure. The disc as a whole appears stable and does not show any strong signs of secular evolution.
In Fig. 7 , we show the evolution of the star formation rate as a function of time. After an initial relaxation phase, the SFR remains effectively constant. This demonstrates that the feedback model does indeed establish a self-regulation process for the star formation rate. The nature of this self-regulation process can be understood with the phase diagram of Fig. 8 . Here we plot the total gas pressure (in the form of an`effective' temperature T*, defined as T* ; mPakr versus the density of the gas particles in simulation I3. Above a density of .1 cm 23 , the effective equation of state of the gas changes to P G r 2 X In this regime, the turbulent pressure dominates the thermal pressure; that is, the gas is supported by the small-scale motions induced by supernova explosions.
Resolution study
An important aim of our modelling has been to come up with an effective`sub-grid' model for star formation, able to give meaningful quantitative results for the star formation rate, even under conditions of moderate or poor numerical resolution. Since we formulated our feedback scheme without direct involvement of the mass resolution in the SPH equations, we should be able to obtain converged numerical results, without having to adjust the free parameters a and b. Simulation I1 involves only cooling and star formation, while run I2 also has thermal feedback. However, the latter has little effect on the dynamics of the gas or on the evolution of the star formation rate. Figure 5 . Phase diagram of the gas particles of model I2 at time 0X1X In contrast to simulation I1, we here included thermal feedback by supernovae. Comparing this with the lower panel of Fig. 3 , one sees that this energy input quickly re-heats all adiabatically cooled gas back to 10 4 K. However, further heating is prevented by the efficient radiative cooling mechanism that sets in at that temperature. This thermometer confines the gas to a nearly isothermal equation of state.
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We test this assertion by repeating simulation I3 at a range of different mass resolutions. We start in realization I3-a with 10 000 gas, 10 000 disc and 15 000 halo particles. We then successively increase the particle numbers in all three components by a factor of 2, to obtain realizations I3-b, I3-c, and I3-d. The final run I3-d has then 80 000 gas, 80 000 disc and 120 000 halo particles. Note that I3-b is identical to the simulation I3 described earlier. We have run all four simulations with identical numerical parameters, the only difference being the particle numbers.
In Fig. 9 we compare the gas surface mass density for the models I3-a to I3-d at the same point of time. While models I3-c and I3-d show nice spiral patterns, they are less well resolved in I3-b, and broken up in the rather patchy gas distribution of model simulation I3-a. However, the morphologies of the gas distribution are quite comparable, at least in models I3-b, I3-c, and I3-d.
In Fig. 10 we show results for the global star formation rate of disc model I3 in this resolution study. The models I3-b, I3-c, and I3-d agree quite well, indicating that the global SFR has already largely converged in the realization I3-b. The poorly resolved model I3-a leads to an overprediction of the star formation rate. This seems to be due to the lumpy structure which the gaseous disc develops under the influence of large particle noise. The higher density inside these lumps boosts the global star formation rate. However, the overall result of this resolution study is very encouraging. It demonstrates that our model has well-posed numerical properties, and that moderate numerical resolution is sufficient to obtain meaningful results for the global properties of the ISM in this model.
Kennicutt's law
We tried to design the feedback scheme such that it would q 2000 RAS, MNRAS 312, 859±879 reproduce the observed global Schmidt law of Kennicutt (1998) . In particular, we have selected the values of the free parameters a and b a priori such that our models should match quantitatively the observed dependence of star formation rate per unit area on gas surface density as a function of radius in disc galaxies. We now test whether this has worked out.
In Fig. 11 we show S SFR versus the azimuthally averaged gas mass density S gas for the run I3-d. Note that, in this simulation, we have not used a cut-off value for the star formation rate. Also shown in this figure is Kennicutt's law, which we used to compute values for the free parameters a and b of our feedback model. The good agreement between the simulation and this target relation shows that the approximate treatment of the gas as a selfgravitating sheet in hydrostatic equilibrium works surprisingly well.
We now consider a number of simulations of isolated galaxies with different structural properties. Model I4 is the model I3 yet again, but this time with the cut-off in the star formation rate included. We also simulate two related versions of this model, differing only in the circular velocity of the halo. In I5, we use v 200 120 km s 21 Y and in I6, v 200 80 km s 21 X We further consider two rather extreme galaxies in terms of gas density. In model I7 we choose a low disc mass m d 0X025Y and a low gas content f gas 0X1 together with a high spin parameter for the halo l 0X1X This results in a large disc R d 10X75 h 21 kpc of extremely low gas surface density. Aiming for the opposite extreme, we combine a heavy disc m d 0X1 with a high gas content f gas 0X4Y and a relatively small spin of the halo l 0X06X This results in a disc of size R d 4X5 h 21 kpc with very high gas surface density.
In Fig. 12 , we show S SFR versus the azimuthally averaged gas mass density s gas for the runs I4 to I8. All the models follow the Kennicutt relation very well, and include the cut-off at the right place. Note that model I7 has practically no star formation at all, because its gas density remains below the threshold value nearly everywhere.
M A J O R M E R G E R S

Collision simulations
Even in gas-rich spiral galaxies, the total amount of mass in gas is small compared with the mass of the dark matter and that of collisionless stars. Thus we do not expect a significant modification of the global dynamics of a merging system of galaxies due to dissipative gas dynamics. However, the central starbursts triggered by the interaction might dramatically change the properties of the innermost regions of the galaxies. In the following, we try to address the following questions related to these changes.
(i) Does our parametrization of feedback and star formation lead to strong nuclear starbursts as obtained in previous studies?
(ii) How do the strength and evolution of the starbursts depend on the orbit of the galaxies, and do we find a similar dependence on the presence of a bulge to that found by Mihos & Hernquist (1994c)? (iii) What is the effect of dissipation on the structure of the merger remnants? How do the density profiles and the isophotal shapes change?
In order to be able to address these questions in a clean way, we have performed a number of targeted simulations. To this end, we consider four galaxy models, A, B, C, and D. The basic structure of all of them is given by v 200 120 s 21 kmY c 5Y l 0X05Y and m db 0X05; in other words, they all have the same total mass, and the same total baryonic fraction. In galaxy A, we put all of the baryonic mass into the disc, 20 per cent of it in the form of gas, and the rest as collisionless stars. In galaxy B, one-quarter of the baryonic mass is put into a bulge, 20 per cent into a gaseous disc, and the rest is used for a collisionless stellar disc. The galaxies C and D correspond exactly to A and B, respectively, except that they contain no gas. Instead, the corresponding mass has been assigned to collisionless stars. These four galaxies may thus be used to explore the consequences of dissipative gas dynamics in merging galaxies with or without a bulge.
For each of these models, we have run three collision simulations on different orbits. These are (1) a very wide prograde encounter with a minimum separation of R kep 8X0 h 21 kpcY (2) a close prograde encounter with R kep 0X5 h 21 kpcY and (3) an inclined encounter with R kep 1X0 h 21 kpcY u 1 308Y f 1 08Y u 2 608Y and f 2 908X The angles specify the orientation of the q 2000 RAS, MNRAS 312, 859±879 Figure 7 . Star formation rate of model I3 as a function of time. This simulation uses our new prescription for implementing feedback. As can be seen by the near constancy of the star formation rate, the feedback leads to a quasi-static disc galaxy that quiescently forms stars at an almost constant rate. mPakr versus density for simulation I3. Above a density of .10 0 cm 23 , the energy content in the thermal reservoir q becomes larger than that in the thermal reservoir u. As a result, the feedback due to star formation leads to additional pressure support of the gas, changing the effective equation of state to P G r 2 X Downloaded from https://academic.oup.com/mnras/article-abstract/312/4/859/1017931 by guest on 16 March 2019 spin vectors of the two discs in ordinary spherical coordinates. In our set-up, the orbital plane coincides with the xy-plane, and the galaxies move such that they reach their Keplerian minimum separation when they cross the x-axes, with their orbital angular momentum pointing along the z-axes. All of the collisions have been started from an initial separation R start 240 h 21 kpc on a parabolic orbit. We list a summary of these runs in Table 1 . Note that for every gas-dynamical simulation there is one collisionless simulation, with the gas replaced by disc stars. In particular, simulations A1±A3 correspond to C1±C3, and B1±B3 to D1±D3.
Time evolution
In Fig. 13 , we show the gas distribution in run A3 as a typical example for the time evolution of the merger simulations. As has been demonstrated in many previous studies, the encounter between two equal disc galaxies leads to the formation of tidal tails, which are ejected when the galaxies reach orbital pericentre for the first time. Simultaneously, stars from the near side of the encounter are drawn towards the companion, giving rise to bridges between the galaxies as they temporarily separate again. The bridges are destroyed when the galaxies come back together for a second encounter, but the tails survive and grow for a longer time in the relatively quiet regions of the outer potential. Eventually, the discs are scrambled up when the centres of the galaxies finally coalesce to form a spheroidal merger remnant.
The strength of the tidal response depends on the structure of the galaxies, and the orbit of their encounter. A more detailed discussion of this dependence is given elsewhere (Dubinski, Mihos & Heinquist 1999; Springel & White 1999) . Here, we only study a limited set of simulations in order to examine the influence of dissipation and star formation. In the first encounter of the galaxies, the discs develop a bar and are transformed into a pair of open bisymmetric spirals. The response of the gas to the tidal perturbation is markedly different from that of the stellar component. It forms relatively thin arms, and exhibits a phase lag relative to the stellar arms, such that it loses angular momentum due to gravitational torques. This extraction of angular momentum drives a central inflow of the gas, allowing it to feed a nuclear starburst. Barnes & Hernquist (1996) and Mihos & Hernquist (1996) have studied this mechanism in detail, and our simulations are fully in line with their conclusions. As they did, we find that the presence of a bulge can prevent an early inflow of the gas by stabilizing the discs against bar formation. This can be most easily seen in the history of the star formation rate, as discussed below.
Evolution of the star formation rate
In Fig. 14, we show the time evolution of the global star formation rate for those merger simulations that involve gas (A1±A3, B1± B3). Until the first encounter of the discs at t , 1X0Y the approaching galaxies form stars at a constant rate in all models. In the wide prograde encounter of A1, a strong inflow of gas is initiated in this first encounter, leading to a moderate but sustained starburst. Interestingly, simulation B1 shows only a slight elevation of the star formation rate. Hence the early inflow of gas can be almost completely suppressed by the presence of a central stellar bulge.
However, the strength of the early inflow depends also on the orbit of the galaxies, as can be seen by comparing A1 with the narrow prograde encounter of A2. The orbital angular momentum is much smaller in A2/B2 than in A1/B1, and the strong shocks formed in the overlapping discs reduce the differences between the early responses in models B2 and A2 compared with those showing up between A1 and B1.
When the galaxies come together for a second time, a nuclear starburst develops in the centre of each galaxy. In our simple q 2000 RAS, MNRAS 312, 859±879 Figure 10 . Comparison of the star formation rate as a function of time for different numerical resolutions. In the models I3-a to I3-d, the particle number successively increases by a factor of 2. It is seen that the star formation rate is already very well converged for I3-b, while the poor resolution of run I3-a leads to an overestimate of the star formation rate. In this case, the small number of gas particles leads to the development of gaseous lumps in the disc, causing an overestimate of the star formation rate. Figure 11 . Star formation rate per unit area as a function of gas surface density for simulation I3-d. The stars show azimuthally averaged quantities in small circular annuli. The solid line shows the`target' relation (Kennicutt's phenomenological law) used to determine the free parameters a and b before this simulation was done. Our feedback model thus performs as expected; in particular, it nicely reproduces a S SFR G S 1X5 gas law. Note that we have not included a cut-off in the star formation law in this simulation. Figure 12 . Star formation rate per unit area as a function of gas surface density for simulations I4 to I8. In these simulations, an explicit cut-off in the star formation rate was used to reproduce the observed threshold. Figure 13. Time evolution of the projected gas density in simulation A3, an inclined encounter of two bulgeless disc galaxies. Each panel measures 80 h 21 kpc on a side, and time T is given in units of 9X8 Â 10 8 h 21 yrX model, the global star formation rate is increased by not much more than a factor of 10. This is not particularly extreme, and is insufficient to explain the most luminous ULIRGS. However, the absolute values of the star formation densities in the central regions are actually quite large, as we show below. There is also an interesting double-peak structure in the main starburst at t , 2X0±2X5X This is connected to the dynamics of the final merger. The main starburst is triggered by the second encounter of the galaxies, at a time when they have already lost most of their orbital angular momentum due to dynamical friction. However, the galaxies still spiral about each other for a short time, until their nuclei finally coalesce to form a single remnant. The strongest star formation rate is reached when the nuclei have just merged, or are already so close that the infalling gas`sees' them as one nucleus.
The difference in the absolute strengths of the final starbursts in A1 and B1 is largely a consequence of the early influx of gas in A1; here a substantial fraction of the gas is already consumed early on in the encounter, leaving less gas for the starburst at coalescence.
It is also interesting to look at the surface density of the star formation rate in terms of suitably defined averaged values, as is done in observational studies. In Fig. 15 we plot the effective density of the star formation rate versus the gas surface density, for three different regimes. These are (1) whole isolated discs, (2) the centres of isolated discs, and (3) the central regions of starbursting discs. In the first case, we have defined the effective star formation density as the average SFR inside the optical radius, while we considered the innermost 3 per cent of the gaseous mass to obtain values for the centres.
By putting these measurements onto a common diagram, see Fig. 15 , we obtain a global Schmidt law over a remarkably large dynamic range. The absolute amplitude of the star formation rates in the different regimes is also in very good agreement with the q 2000 RAS, MNRAS 312, 859±879 Figure 14 . Evolution of the global star formation rate in the collision simulations A1±A3, and B1±B3. The runs labelled with a leading`A' involve disc galaxies that do not have a bulge, while those with`B' have a central stellar bulge, however, the total mass of gas is equal in both types of galaxies. The simulations labelled with`1' are wide prograde encounters, those with`2' are much narrower prograde collisions, and those with`3' are inclined mergers. Figure 15 . Composite Kennicutt law. We plot the star formation rate per unit area versus the gas surface density for several of our disc models and collision simulations. The filled circles are effective values for the isolated galaxies I4±I8, averaged over the region inside their optical radius. Hollow circles are for the central regions of these galaxies, while the filled squares are for the central regions of the merging galaxies A1, A2, B1, B2 at two times of their evolution. The`central' values have been obtained for the innermost 3 per cent of the gas mass. The solid line is the`target' relation we used to compute values for the free parameters of our star formation model. This figure may be directly compared to fig. 6 of Kennicutt (1998) . compilation of observational data by Kennicutt (1998 see his  fig. 6 ).
S T R U C T U R E O F M E R G E R R E M N A N T S 6.1 Morphology
Merger remnants are generally triaxial objects, with isophotes that are close to perfect ellipses. The triaxiality may be quantified in terms of the axial ratios a and b of the principal axis of the moment of inertia tensor (Barnes 1992; Hernquist 1992 Hernquist , 1993 . To this end, we define the centre of the remnant as the position of the particle with the minimum gravitational potential, and we compute the moment of inertia tensor for the most bound half of the particles. In principle, the shape of the remnant can vary if particle groups of increasing binding energy are considered. However, the shape stays roughly constant at least out to the halfmass energy, so we here follow Hernquist (1993) and characterize the remnants by just considering the inner half of the particles.
In Table 2 we list the axial ratios a and b for our merger remnants. Here, b l 2 al 1 and c l 3 al 1 Y where the eigenvalues l of the moment of inertia tensor are sorted as l 1 $ l 2 $ l 3 X We also give the triaxiality parameter T 1 2 b 2 a1 2 c 2 X For oblate galaxies T 0Y while prolate galaxies have T 1 (de Zeeuw & Franx 1991) .
Most of the remnants can be classified as oblate spheroids that are close to being axisymmetric. Only the remnants of the collisionless disc-only simulations (C1±C3) show stronger triaxiality. Here, there are also large differences from the corresponding dissipative simulations. Apparently, the central density cusps provided either by a bulge or by the newly created stars in the centre favour axisymmetry of the remnants.
Density profiles
The coarse-grained phase-space density can only decrease in collisionless simulations. It therefore appears that the remnants of collisionless mergers of disc galaxies are not able to reproduce the high central phase-space densities of elliptical galaxies, just because the progenitor discs start out with insufficient phase-space density (Kormendy 1989) . This argument has been held against the merger hypothesis. However, dissipative effects or the inclusion of compact bulges may be invoked to provide a solution to this problem (Hernquist, Spergel & Heyl 1993) . In previous simulations it has indeed been shown that the central influx of gas in mergers, accompanied by star formation, can drastically boost the central phase-space density. It remains a crucial question, however, whether the resulting luminous profiles in the centre can match the observed profiles of elliptical galaxies.
As expected, the nuclear starbursts in our merger simulations lead to a strong increase of the stellar densities in the merger remnants. In Fig. 16 , we show a comparison of the total luminous mass profile (spherically averaged) of the remnants in simulations B2 and D2. The profile of the dissipative simulation B2 is steeper in the centre than that of D2, and it even steepens there compared with the power law with slope ,22.5 found in the main body of the remnant. Such a steep slope is at the upper end of the observed distribution of slopes for early-type galaxies (Gebhardt et al. 1996) . Much of the central density in B2 stems from the newly created stars, shown as a dashed line in Fig. 16 . However, it is interesting to note that the increase of the central density also affects the other collisionless components in the models. In the two panels of Fig. 17 we compare the profiles of the`old' collisionless disc and the`old' bulge, where`old' refers to material that was present at the start of the simulations. In B2, both components exhibit a central increase of density compared with D2 by up to a factor of ,4±5, showing that the dissipational deposition of mass in the centre effectively pulls in some of the collisionless material. The merger remnants in our other runs show similar profiles and trends to those of B2/D2, so we omit the corresponding figures here.
We now consider the surface mass density, which can be more easily related to observations of surface brightness profiles. Collisionless merger simulations usually lead to r 1/4 -profiles, which are consistent with those observed in the majority of earlytype galaxies. In dissipative simulations, however Mihos & Hernquist (1994a) found a strong concentration of newly formed stars towards the centre, resulting in a luminosity`spike' in the centre, and a surface brightness profile that shows an obvious break between a very steep inner component, and a flatter r 1/4 -profile in the main body of the remnant. Although studies of the cores of ellipticals with HST reveal density cusps in most of them (Gebhardt et al. 1996) , the bulk of the elliptical population does q 2000 RAS, MNRAS 312, 859±879 not show a steepening in the innermost ,100±500 pc. On the other hand, about 10 per cent of the galaxies in the Nuker sample do show such bright cores (Byun et al. 1996) . This suggests that gas-rich mergers can evolve into normal elliptical galaxies, while some of them might leave behind a central luminous spike. By studying the luminosity and molecular gas profile of Arp 220, Hibbard & Yun (1999) show that this prototypical ULIRG might indeed be of this kind, while the late-stage remnants of NGC 3921 and 7252 can still be characterized by an r 1/4 -law in their centres. The surface brightness profiles of our remnants exhibit a central excess of stellar density similar to those seen in the experiments of Mihos & Hernquist (1994a) . In Fig. 18 , we compare the azimuthally averaged surface mass densities of our dissipative simulations with those of the corresponding dissipationless run. The two-dimensional projection (here along the y-axis) shows the central density excess more clearly than the spherically averaged profile. The mass profile of the newly formed stars does not match the remaining collisionless component seamlessly, and this mismatch shows up as a break in the total mass profile. Interestingly, even the collisionless simulations D1±D3 show such a break, although it is weaker than in the runs with dissipation. Apparently, the violent relaxation during coalescence is not effective enough to erase the`memory' of the bulge, and to mix it homogeneously with the rest of the remnant.
It is not yet clear whether the dense cores due to newly formed stars are a possible problem for the merger hypothesis, because the modelling of star formation and feedback adopted in this study remains highly uncertain. It is however noteworthy that we obtain results similar to those of Mihos & Hernquist (1994a) , using different techniques for our simulations. This suggests that the result is robust, and that any model based on an equally simplistic star formation/feedback scheme is likely to encounter the same problem. However, there are a number of processes that might prevent the formation of luminous spikes in the nuclear starbursts of gas-rich mergers. If the physics of star formation and feedback is very different in a strong starburst from that captured by our modelling, more diffuse starbursts may be produced, leading to a smoother distribution of the newly created stars. For example, the central starburst might be powerful enough to drive a mass-loaded superwind, carrying a good fraction of the cold gas out of the centre. Of course, there is also the possibility that differences in the initial mass function, or the dust obscuration, between the young starburst component and the old stars could change the slopes of the luminous components such that they are consistent with the observed`seamless' profiles of most early-type galaxies.
Isophotal shapes
Isophotes of elliptical galaxies deviate from perfect ellipses , and it has been proposed that the systematics of these deviations provide important clues for understanding the formation history of ellipticals. The deviations of isophotes from perfect ellipticity can be quantified by expanding the residuals from an elliptical fit in a Fourier series :
where Dr are the linear deviations as a function of the azimuthal angle f, measured from the major axes of the ellipse. The first non-trivial coefficient that measures a distortion symmetric to the principal axes of the ellipse is a 4 . Negative values of a 4 implỳ boxy' ellipses, while positive values lead to a more`discy' shape. Observationally, rotation seems to be dynamically less important in boxy than in discy ellipticals, and this correlation has been used for a proposed revision of the Hubble classification system by Kormendy & Bender (1996) . These authors also provide evidence for a possible dichotomy between (1) normaland low-luminosity ellipticals that are coreless and discy, and (2) giant ellipticals with cuspy cores and boxy-distorted isophotes. It has also been speculated that dissipation plays a key role in producing discy isophotes, and that the path from boxy to discy ellipticals may thus indicate mergers with increasing importance of dissipation (Bender, Burstein & Faber 1992 , 1993 . Recent simulations by Bekki & Shioya (1997) seem to support this notion, and we will here examine this question for our merger remnants.
Collisionless simulations of merging galaxies have, however, repeatedly been shown to produce both boxy and discy isophotes (Governato, Reduzzi & Rampazzo 1993; Heyl, Hernquist & Spergel 1994; Lima-Neto & Combes 1995) . Furthermore, the isophotal shape strongly depends on the projection, even to the extent that the same merger remnant can exhibit either boxy or discy isophotes when viewed from different directions. This certainly complicates the interpretation of isophotal shapes. Nevertheless, there seems to be a slight surplus of boxy isophotes in large samples of collisionless remnants, and highly flattened remnants also appear to be boxy (Heyl et al. 1994; Lima-Neto & Combes 1995) .
In Fig. 19 we compare the isophotes of simulations A1 and C1, projected along the three principal axes of the remnants. To obtain sufficiently smooth two-dimensional mass density fields, we have employed a Gaussian smoothing kernel of varying smoothing length, so that the outer contours are based on more heavily smoothed fields. This is done to beat down particle noise, which strongly increases with distance from the centre. The thick isophote in each contour plot contains half of the`light' (mass), and the spacing of the isophotes is 0.5 mag. We have also fitted ellipses to the isophotes inside the half-light radius, and evaluated a 4 /a and the ellipticity e 1 2 baa as a function of the magnitude of the isophote. These results are shown in the lower panels of Fig. 19 .
The projections along the major and intermediate axes show the strong oblateness of the remnants in these idealized, exactly prograde collisions. Also nicely visible is the central increase of the density in A1 compared with that in C1. Even by eye one can see that the isophotes of the dissipative simulation A1 seem to be more discy on average than those of C1. This is borne out by the measurements of a 4 , which tend to give smaller values for C1. Especially in the xy-projection, the isophotes of C1 are very boxy, while those of A1 appear to be slightly discy and they are also much rounder. Fig. 19 also demonstrates that the measurement of a 4 /a for a single projection is rather noisy, primarily because of the limited number of particles in our remnants, which is very much smaller than the number of luminous stars in real galaxies. We also see, however, that the same remnant can be either boxy or discy when viewed from different directions (see for example the xy/yz projections of C1). The noise can be reduced somewhat if a 4 /a is averaged for many lines of sight, which is also warranted due to the projection dependence of discy-/boxyness. Such an averaging procedure is not possible for real galaxies, but it should give the expected mean ellipticities for a sample of equal objects that are observed from random directions. We thus compute elliptical fits for a set of 100 random lines of sight for every remnant. For each remnant, we then average the measurements of a 4 /a for the isophotes of the same magnitude relative to the half-light isophote.
In Fig. 20 we compare these measurements for each pair of corresponding dissipative/collisionless simulations. In the bulgeless simulations (A1±A3, C1±C3), the gas-dynamical remnants are clearly much more discy than the corresponding collisionless remnants. This can be understood as a consequence of the strong q 2000 RAS, MNRAS 312, 859±879 Figure 19 . Comparison of the isophotal shapes of two merger remnants. The contour plots on the top show the isophotes of remnants A1 and C1, projected along their principal axes. Each small panel is 20 h 21 pc on a side. The thick isophote contains half the luminosity (stellar mass), and the isophotes are spaced 0.5 mag apart in surface brightness. The small panels below show measurements of the discyness and ellipticity of the isophotes for these projections. The isophotes are labelled by their magnitude relative to the half-light isophote.
Downloaded from https://academic.oup.com/mnras/article-abstract/312/4/859/1017931 by guest on 16 March 2019 central increase in density due to the nuclear starburst. As Barnes & Hernquist (1996) have shown, the deep potential well in the centre destabilizes box orbits passing close to the centre, and turns them, for example, into tube orbits. As a result the mix of orbital families is changed such that the isophotes of the remnant turn discy. This picture is also consistent with the much weaker trend tò discyness' seen in the simulations B1±B3, which feature a massive bulge. Here the difference in the central densities between the B/D pairs is much smaller than in the A/C pairs, and as a consequence the relative populations of their orbital families remain more similar.
Note that in all cases the dissipative simulations are more discy than the collisionless ones close to the centre; in other words, dissipation clearly favours discyness. However, even though the correlation between discyness and dissipation is strong, it should be kept in mind that it will hold only in the mean for a population of observed merger remnants. A single projection of a remnant might look boxy, even if it is discy in the mean when viewed from many directions.
D I S C U S S I O N
In this paper, we have studied a simple model to implement a selfregulating star formation/feedback loop in hydrodynamical simulations of disc galaxies. We have allowed the gas to cool radiatively, and to form collisionless stars at a rate determined by the local gas density and the local dynamical time. If only these processes are included, the ISM gives rise to a runaway star formation rate. We therefore invoked a feedback process that regulates the star formation rate, and we assumed that the main source of energy for this mechanism stems from kinetic energy of exploding supernovae.
Since we clearly lack the resolution to follow the physics of the turbulent ISM in three dimensions, however, we tried to formulate a feedback model that is based on the notion of an effective equation of state. Ideally, such a`sub-grid' model should correctly describe the gross behaviour of the ISM on large scales, while the details on small scales do not need to be resolved. A working model that meets these requirements would be extremely valuable; it could be used in simulations of galaxy formation in large cosmological volumes. The catch of course is that currently thè sub-grid' physics is not well enough understood to establish the validity of any given`effective' model unambiguously. While it is quite plausible that supernovae will stir up the ISM in some way, the physical processes that constitute feedback are very difficult to model in detail. We have described this poorly understood kinematics with a fiducial reservoir q, introduced to account for the kinetic energy in turbulent gas motion on unresolved scales.
Assuming that q provides a turbulent pressure for the gas, we arrived at the desired self-regulation mechanism: a local increase in gas density leads to stronger star formation, thereby giving rise to an extra turbulent pressure which works against the local density enhancement. As a cautionary remark we note that it is not even certain at this point that a large-scale treatment of the star formation and feedback cycle is really possible. While for purely gravitational dynamics it can be rigorously shown that the dynamics on small scales does not affect the dynamics on much larger scales, the same might not hold for the processes associated with star formation and feedback. For example, star-forming OB associations might drive super-bubbles and outflows that affect the ISM on a global scale, or active galactic nuclei might play a crucial role in regulating star formation in galaxies. It is difficult to see how an effective model like the one proposed here could correctly account for such processes if they were indeed important. Our implicit assumption above has been that the small-scale physics can be largely ignored or suitably approximated in an effective model. It is clear, however, that a definite proof of the validity of such an q 2000 RAS, MNRAS 312, 859±879 Figure 20 . Comparison of the isophotal shapes of our merger remnants, averaged over 100 random lines of sight. Each panel gives the average discyness as a function of the magnitude of the isophote (zero magnitude is assigned to the half-light isophote). The error bars indicate the 1s uncertainty due to the finite number of projections.
Downloaded from https://academic.oup.com/mnras/article-abstract/312/4/859/1017931 by guest on 16 March 2019 approach will have to await a solid understanding of the key physical processes that constitute feedback. We have shown that our model is able to describe quiescently star-forming disc galaxies. The star formation rates quantitatively match those observed in late-type galaxies, and the model galaxies are stable, and show no signs of strong secular evolution. We formulated the feedback model in a numerically clean way, which does not resort explicitly to the particle formalism of SPH. This approach offers favourable numerical properties. In particular, we have demonstrated that our results are fairly insensitive to the mass resolution of our simulations.
In simulations of colliding galaxies we find nuclear inflows of gas and the triggering of nuclear starbursts, similar to the findings of previous work. The star formation densities reached in the centres are quantitatively similar to those observed in the central regions of starburst systems. We also confirm that the presence of a bulge can delay the central influx of gas. This is related to the stabilizing effect of the bulge on the disc, in that the bulge can prevent the formation of a strong bar in the disc during the first encounter of the galaxies.
We also examined a small number of collisions of galaxies with and without a bulge, and with different orbital configurations. To highlight differences induced by the gas dynamics in the structure of the remnants, we ran a corresponding collisionless simulation for each dissipative merger. Similar to Mihos & Hernquist (1994a) , we find that the nuclear starbursts occurring in gas-rich mergers can boost the central star formation rate considerably, even leading to the formation of a dense stellar core, with an accompanying luminosity spike. While there are systems with such central spikes, features of this kind are not observed in the majority of the elliptical populations. It thus seems that dissipation may be too effective in our models.
By comparing the isophotal shapes of our dissipative merger remnants with those of corresponding collisionless simulations, we confirm a common speculation that dissipation gives rise to discy isophots. However, it is important to note that such a correlation can only be expected to hold in the mean for a large sample of galaxies. The dependence of isophotal shape on projection is so strong that the same remnant can exhibit either boxy or discy isophotes depending on the viewing direction.
Of course, the description of the ISM adopted in this work needs to be treated with caution. It does give reasonable results for isolated disc galaxies, and it was specifically designed to be compatible with the observed global Schmidt law for the star formation rate. However, it is certainly questionable whether the physical conditions in star-bursting nuclei are similar to those in quiescently star-forming disc galaxies, and, even if they were, it is not clear whether our attempt to model these processes in a simplistic way gives meaningful results in both regimes. Nevertheless, the agreement between our results and previous work suggests that the main results of these studies, such as the rates of gas inflow, or the development of nuclear starbursts, are robust. While this in general supports the notion that ULIRGS are intimately connected to mergers and interactions, there also remain problems, if one assumes that normal ellipticals are formed by mergers of gas-rich spirals. The most imminent problem seems to arise from the formation of luminous spikes at the centres of the merger remnants. They appear difficult to reconcile with the surface brightness profiles of most early-type galaxies.
This might well point to a major shortcoming of the present modelling. Our simplified sub-grid model largely glosses over the shock physics, which is particularly important in driving outflows.
For example, OB associations with an accompanying starburst may generate super-bubbles in the ISM and trigger outflows to the surrounding IGM, or even blow away the gas of dwarf galaxies (MacLow & Ferrara 1999) ± it is quite clear that our simple parametrization will not be able to model these effects properly. This highlights the fact that there are at least two important aspects of feedback. One is concerned with the effects of star formation on the IGM and on the hot gaseous phase in the galactic halo, while the other deals with the self-regulation of star formation within the gaseous disc itself. Our model addresses the second of these problems, but does not describe the first one adequately.
Despite these caveats, we think that the general approach offered by simplified sub-grid models is very useful in studies of galaxy formation, and it will probably remain so for quite some time, since a detailed description of the ISM on the scale of whole galaxies is computationally not yet feasible. In the future, highresolution studies of small patches of the ISM might well give rise to much more accurate sub-grid models, which will then be invaluable tools to model the formation of the luminous component of the Universe on much larger scales.
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